The small GTPase Rho and one of its targets, Rho-associated kinase (ROCK), participate in a variety of actin-based cellular processes including smooth muscle contraction, cell migration, and stress fiber formation. The ROCK protein consists of an N-terminal kinase domain, a central coiled-coil domain containing a Rho binding site, and a C-terminal pleckstrin homology domain. Here we present the crystal structure of a large section of the central coiled-coil domain of human ROCK I (amino acids 535-700). The structure forms a parallel a-helical coiled-coil dimer that is structurally similar to tropomyosin, an actin filament binding protein. There is an unusual discontinuity in the coiled-coil; three charged residues (E613, R617 and D620) are positioned at what is normally the hydrophobic core of coiled-coil packing. We speculate that this conserved irregularity could function as a hinge that allows ROCK to adopt its autoinhibited conformation.
Introduction
Rho is a small GTPase that upon conversion from its inactive form (GDP N Rho) to active form (GTP N Rho) binds to specific effectors to exert its biological functions. Among the downstream targets of activated Rho are two isoforms of Rho-associated kinase (ROCK), ROCK I/ROKb/p160ROCK [1, 2, 3] and ROCK II/ ROKa/Rho kinase [4, 5] , which share 65% sequence identity and 95% sequence similarity at the amino acid level (reviewed in [6] ). ROCK is able to regulate the phosphorylation of myosin light chain (MLC) by direct phosphorylation [7] and by inactivation of myosin phosphatase through the phosphorylation of its myosin-binding subunit (MBS) [8] . Although phosphorylation of MLC in smooth muscle is regulated primarily by MLC kinase in a Ca 2+ -dependent manner, ROCK has an important role in agonist-induced Ca 2+ -sensitization in muscle contraction [9] . In non-muscle cells, the Rho/ROCK pathway is involved in stress fiber and focal adhesion formation [2, 10, 11] , neurite retraction [12] , and cell migration [13] . Increased MLC phosphorylation in non-muscle cells enhances the actin binding and actin-induced ATPase activity of myosin II. The enhanced binding of myosin to actin promotes the bundling of Factin into stress fibers and the subsequent formation of focal adhesions [14] . ROCK also phosphorylates and activates LIMkinase, which in turn phosphorylates and inactivates the actindepolymerizing and severing factor cofilin [15] . As a result, existing actin filaments are stabilized.
Other downstream effectors of Rho signaling include mDia (mouse homolog of Drosophila diaphanous). mDia is a formin molecule that catalyzes actin nucleation and polymerization to produce long, straight actin filaments [16] . ROCK and mDia work together to induce stress fibers [17] and also in regulating formation of the actin contractile ring in mitotic cells [18, 19] .
Through its effects on vascular smooth muscle contractility, ROCK has been linked to hypertension [20] , vasospasm [21] and bronchial asthma [22] . ROCK is also implicated in non-muscle cancer cell invasion and metastasis [23, 24] . Because the Rho/ ROCK regulatory pathway is involved in a variety of diseases, it has become a promising target for therapeutic interventions.
Human ROCK I consists of an N-terminal serine/threonine kinase domain (residues 73-356), a central predicted coiled-coil (residues 422-1102), and a C-terminal pleckstrin homology (PH) domain (residues 1118-1317). The PH domain contains an internal cysteine-rich domain (CRD) that resembles the C1 domain of protein kinase C (Fig. 1) . The Rho binding domain (RBD) of ROCK I is located near the end of the central coiled-coil [25] . The C-terminal region of ROCK II (RBD plus the PH domain) has been shown to directly interact with the kinase domain to inhibit its activity [26] . Interaction between GTP-Rho and the RBD disrupts ROCK I's autoinhibition and thus activates the kinase [3] . Cleavage of the ROCK I C-terminal domain by caspase-3 during apoptosis also results in an activated kinase [27, 28] .
Crystal structures have been reported for the RBD in complex with activated RhoA [25] and for a large fragment encompassing the kinase domain and a dimerization domain N-terminal to it [29] . In order to obtain a more complete understanding of the structure of this important molecule, we have determined the crystal structure of a stable tryptic fragment of the large central coiled-coil domain of ROCK I (Fig. 1) . The structure covers residues 535 to 700 and is a long asymmetric parallel coiled-coil. This region of ROCK I is structurally similar to tropomyosin. The structure also reveals an irregularity in the coiled-coil conformation in which three charged residues (E613, R617 and D620) are positioned in the typically hydrophobic a and d positions at the core of coiled-coil packing. This E613/R617/D620 bulge appears to locally destabilize the coiledcoil and bend its axis by about 11u. The significance of this irregularity, if any, is unclear. However, we speculate that it might serve as a hinge that enables the C-terminal inhibitory region to bind the N-terminal kinase domain in an autoinhibited conformation.
Results

Structure Determination
We obtained crystals of the ROCK coiled-coil domain (ROCK-CC, residues 535-700) in the tetragonal space group P4 3 2 1 2. The crystals diffracted anisotropically; we observed strong reflections to beyond 2.3 Å along c* but only to 2.9 Å in the perpendicular plane. The diffraction data were therefore filtered so as to retain only reflections lying within an ellipsoid defined by these resolution limits (see methods and Table 1 , 2 and 3). The structure of ROCK-CC was solved by single-wavelength anomalous dispersion (SAD) phasing at the peak wavelength using selenomethionine (SeMet) substituted protein. Density modification resulted in a readily interpretable electron density map in which 52% of side chains were automatically assigned. Iterative model building and refinement produced a model with good statistics and geometry (Table 1 ). There are four molecules (2 dimers) per asymmetric unit. The final model includes 623 residues and was refined to an R free = 28.6% and R = 23.9%. The quality of the electron density map was sufficiently clear for unambiguous fitting of residues 542-693 of chain A, 541-692 of chain B, 535-692 of chain C and 535-693 of chain D. However the quality of the map was poorer for residues 542-552 of chain A, 541-549 of chain B, 541-549 and 566-578 of chain C, and 562-573 of chain D, which have high thermal factors.
Overall Structure
ROCK-CC is a dimer in solution as determined by sizeexclusion chromatography coupled to multi-angle light scattering (SEC-MALS) [ Fig. 2 ]. The two dimers in the asymmetric unit of ROCK-CC crystal are fundamentally the same, but the dimer of chains A and B is better ordered than that of chains C and D. In the following analysis we concentrate on dimer A/B if not stated otherwise. The structure reveals two long a helices that intertwine to form a two-stranded parallel coiled-coil that is about 220 Å long (Fig. 3A) . The total buried accessible surface area is 5054 Å 2 . The helices at either end of the ROCK-CC are splayed apart due to crystal packing (Fig. 3B) . The N terminal end of dimer A/B packs with the N terminal end of dimer C/D in a head-to-head manner. Similarly, the C terminal end of dimer A/B packs with the C terminal end of a symmetry mate of dimer C/D in a tail-to-tail arrangement. In the crystal lattice, this packing leads to an infinitely long cable. Obviously, these interactions are not expected to occur in the context of the full-length protein.
While only residues 589-666 are in a parallel coiled-coil conformation in the present structure, we expect that this will be part of a much larger coiled-coil in the intact ROCK I protein.
Coiled-coil prediction program COILS [30] assigned residues 422 to 1102 to be coiled-coil (Fig. 1) . Crystal packing is likely responsible for terminating coiled-coil conformation in the present structure.
ROCK-CC Dimer Interface
A canonical left-handed coiled-coil has a periodicity of seven residues over two helical turns, which is called a heptad repeat. These seven residues are commonly designated as (a-b-c-d-e-f-g). The interaction between the helices is mediated by the hydrophobic residues at positions a and d and oppositely charged residues at the positions e and g [31] .
We analyzed the heptad register of ROCK-CC using the program SOCKET [32] based on the characteristic knobs-intoholes side-chain packing of a coiled-coil. ROCK-CC displays 11 consecutive heptad repeats starting at Leu-589 and ending at Lys-666. There are 12 layers of knobs-into-holes packing from chain A into B (and 13 layers from chain B into A) (Fig. 4A) . At the coiledcoil interface, the a position knob from one molecule is inserted into a hole formed by four side chains at d-g-a-d positions of the neighboring molecule; and the d position knob is inserted into a hole formed by side chains at a-d-e-a positions of the neighbor.
The residues forming the heptads are plotted in a helical wheel showing the hydrophobic and polar interactions (Fig. 4B) . In most coiled-coils, hydrophobic residues dominate at the a and d positions. In the ROCK-CC only about 50% of the a and d positions are taken by hydrophobic residues. Some of the a positions are occupied by arginine or lysine (Lys-596, Arg-652 and Lys-666), which use the long, aliphatic portions of their side chains to form hydrophobic contacts while the charged head groups are exposed to the solvent or make contacts with other residues on the surface. Previous studies have also shown that arginine or lysine can satisfy the requirement for hydrophobic residues in the heptad pattern [33, 34] . Hydrogen bonding also contributes to packing. Asn-589 at the a position and Ser-662 at the d position form hydrogen bonds across the coiled-coil interface to the same residues, with a bond distance of 2.7 and 2.8 Å respectively. Similar inter-coil interaction via hydrogen bond at the d position has also been observed in SNAP25 [35] . On the periphery of the structure, several distinct patterns of polar interactions are evident. There are two a-g interactions: Lys-596 of chain B forms a hydrogen bond to Ser-595 in chain A, and Lys-666 of chain B forms a salt bridge to Glu-665 of chain A (Fig. 4B ). There are three e-g interactions: Gln-635 of chain A hydrogen bonds to Arg-630 of chain B, Lys-642 of chain A forms a salt bridge to Glu-637 of chain B, and Lys-642 of chain B forms a salt bridge to Glu-637 of chain A.
Strikingly, near the center of the coiled-coil three consecutive d-a-d positions are occupied by charged residues. These residues (E613, R617 and D620) create an unusual bulge in the coiled-coil (Fig. 4B ). Most interestingly, the charged head group of Arg-617 inserts into the center of the coiled-coil interface and together with Glu-613 and Asp-620, it appears to push apart the two helices (Fig. 5) . The program TWISTER [36] was used to calculate the ahelical axes and the coiled-coil axis of ROCK-CC. The coiled-coil is bent by about 14u in the region centered around E613/R617/ D620, where the inter-helical distance is also at its maximum (Fig. 4C) . Inter-helical distance peaks at 11.2 Å on residue Glu-613. For comparison, the GCN4 leucine zipper (PDB code 2ZTA, 31 residues) [37] has an average inter-helical distance of 9.7 Å with a standard deviation of 0.26 Å .
We also examined this unique feature in dimer C/D, which is crystallographically distinct from dimer A/B. The electron density map (Fig. 5) at that region has slightly better quality than that of dimer A/B. In crystal lattice around R617, both chain B and D have fewer contacts to neighboring molecules than chain A or C. A thermal factor plot of all four chains showed chain B and D have much higher B factors than that of chain A and C in that region (Fig. 4D) . Arg-617 of chain C forms one salt bridge each to Glu-613 of chain C and D. The positively charged arginine head group stabilizes these two negatively charged residues at the core a/d interface. The dimer interface is not symmetrical. Arg-617 of chain D forms an intra-helical salt bridge to Asp-620 and its carbonyl is distorted from an ideal a-helical geometry (Fig. 5) . By comparison, Arg-617 of chain A forms the same interactions as in dimer C/D, but the side chain of Arg-617 of chain B is disordered (Fig. 4D) . Thus the local conformation at the E613/R617/D620 junction is not precisely conserved between the dimers in the asymmetric unit. Additionally, the bend in their coiled-coil axes at the junction differs by ,5u.
Structural Similarity to Tropomyosin
We used DALI [38] to search for proteins structurally related to ROCK-CC. The top match was rabbit skeletal muscle a tropomyosin (Fig. 6A ). This tropomyosin structure was a fusion protein made by linking 23 residues of the leucine zipper from the yeast protein GCN4 with residues 176 to 282 of tropomyosin (PDB code 2d3e) [39] . The region of similarity includes the GCN4 fusion partner. Both structures are parallel two-stranded coiledcoils. Residues 552-681 of ROCK-CC superimpose with one of the chains of the ''GCN4-tropomyosin'' dimer with a rmsd deviation of 2.9 Å for 130 aligned C a atoms and a Z score of 7.3. However, the sequence identity between tropomyosin residues 176-282 and corresponding ROCK is only 14%, so there is no clear evolutionary relationship between them. DALI also identified similarity with other coiled-coil proteins. Apart from tropomyosin structures, the next DALI match was Ndel1 (PDB code 2v71) [40] , a coiled-coil protein that is required for organization of the cellular microtubule array and microtubule anchoring at the centrosome.
Structure of ROCK-CC is superimposed on tropomyosin in Fig. 6A . Interestingly tropomyosin has a discontinuity in its regular coiled-coil conformation at the same position as that found in ROCK-CC. This bulge is found by residues Y214/E218/Y221 in tropomyosin [39, 41] (Fig. 6) . Like ROCK-CC, this tropomyosin bulge also causes a global bend by about 9u [39] .
Discussion
In this work, we describe the crystal structure of a tryptic fragment of the central coiled-coil domain of ROCK I. The structure reveals a bulge formed by residues E613, R617, D620 in the dimer. In a parallel coiled-coil dimer such as ROCK-CC, charged residues at the a/d core positions would be expected to create repulsion and instability. In ROCK-CC, these unusual residues are accommodated because the positively charged arginines (R617) are sandwiched between two layers of negatively charged residues (E613 and D620). Nevertheless, this unique sequence feature creates an irregularity in the coiled-coil structure. The conformation of these residues differs in the two dimers in the crystallographic asymmetric unit, which is suggestive of conformational flexibility or instability. This sequence irregularity is conserved; residues E613, R617, and D620 are identically conserved in ROCK I proteins of different species while D620 is replaced by glycine in ROCK II (Fig. 7) . Gly-618 in ROCK I is also conserved. Glycine has high flexibility due to its lack of a sidechain and its placement close to R617 may facilitate backbone motion. In ROCK II, the conserved Gly-620 may provides the same type of flexibility. The conservation of this sequence irregularity suggests that it is likely to be functionally important.
ROCK proteins are thought to be autoinhibited by interactions between the N-terminal kinase domain and the C-terminal RBD and PH domains. This inhibitory interaction is expected to be released by binding of active Rho to the RBD [3, 5] . How does this autoinhibitory interaction occur if the relevant N-and C-terminal domains are separated by a rod-shaped coiled-coil domain over 220 Å in length? It is tempting to speculate that the E613/R617/ D620 irregularity destabilizes the coiled-coil, effectively creating a hinge that allows the coiled-coil to ''jackknife''. Simple geometric considerations reveal that a hinge at this central location could allow intramolecular autoinhibitory interactions to occur between the N-terminal kinase domain and C-terminal regulatory regions. Of course it is also possible that autoinhibition could occur in fully elongated ROCK molecules via formation of a head-to-tail dimer of dimers. Further biochemical characterization of autoinhibited ROCK will be required to distinguish between these models.
The functional significance, if any, of the structural similarity between ROCK-CC and tropomyosin is unclear. Tropomyosin polymerize head-to-tail along the actin filament. Because of the requirement to wind around the actin filament, tropomyosin has Due to crystal packing, only residues 589 to 666 assume coiled-coil conformation for dimer A/B; for dimer C/D, residues 578 to 666 are in a coiled-coil conformation. Note that both dimers have a peak in their inter-helical distance at the E613/R617/D620 junction. (D) Average B-factors for mainchain atoms at each residue for all four chains. Since the structure was refined using TLS, the B-factor plotted represents the isotropic equivalent of the total B-factor (B_tls + B_individual). doi:10.1371/journal.pone.0018080.g004 an undulating conformation and destabilized regions along its length to provide flexibility. There is high incidence of Ala at interface d positions, which are poorly packed and allow axial bends. Another mechanism of bending in tropomyosin is large, nonhydrophobic residues (such as Tyr or Glu) at the interface [39, 41] . Given the role of ROCK in regulating the actin cytoskeleton it will be of interest to determine whether it might bind directly to the actin filament via its coiled-coil region.
Materials and Methods
Protein Preparation
Various fragments encoding residues 535-741 of human p160 ROCK were PCR amplified from pBluescript-myc-p160 [11] , and cloned into a modified pET30 vector that provides an N-terminal fused 6xHistidine-TEV tag. The plasmid was transformed into Rosetta2 (DE3) cells (Novagen) and grown at 37uC to an optical density of 0.5. The temperature was then shifted to 20uC and cells were induced with 0.25 mM IPTG for 15 h.
Initially, purified ROCK (535-741) protein was subjected to limited trypsin digest to define a construct suitable for crystallization. A fragment was produced whose limits were determined to be 535-709 by HPLC-ESI-MS (Thermo Fisher Scientific LTQ Orbitrap XL mass spectrometer). ROCK (535-709), expressed as described above, readily yielded crystals in space group P1 that proved resistant to structure determination (see below). However, a slightly shorter construct (535-700) yielded crystals in a tetragonal space group that proved amenable to structure determination.
Cells bearing ROCK (535-700) were lysed by sonication in lysis buffer (20 mM Tris, pH 8.0/300 mM KCl/10% glycerol/40 mM imidazole/10 mM 2-mercaptoethanol/1 mM PMSF) and cleared by high-speed centrifugation. The supernatant was incubated with Ni-NTA agarose (Qiagen) for 3 h at 4uC, washed, and the protein was eluted by elution buffer (20 mM Tris, pH 8.0/500 mM imidazole/300 mM KCl/10% glycerol/10 mM 2-mercaptoethanol). TEV protease was added to remove the 6xHistidine tag at 4uC overnight. Proteins were diluted 1:10 into cation-exchange buffer A (50 mM MES, pH 6.0/1 mM DTT) and loaded onto 265 ml HiTrap SP HP columns (GE Healthcare). A gradient of 0-100% buffer B (50 mM MES, pH 6.0/1M KCl/1 mM DTT) over 20 column volume was applied and ROCK eluted from abount 75 to 225 mM KCl in a broad peak. The purified protein was dialyzed against final buffer (20 mM Hepes, pH 7.5/100 mM NaCl/5 mM DTT), concentrated to 10 mg/ml, and stored at 280uC. Selenomethionine (SeMet) protein was obtained as above, except for the following: SeMet was incorporated by metabolic inhibition [42] , 20 mM 2-mercaptoethanol was added in the lysis buffer, and after Ni-NTA elution step all buffers contained 10 mM DTT. optimization, crystals of ROCK (535-709) were grown by hanging-drop vapor diffusion at 20uC. 2 ml of 10 mg/ml protein was mixed with an equal volume of mother liquid consisting of 29% (v/v) Pentaerythritol propoxylate (5/4 PO/OH), 240 mM KCl, 100 mM MES (pH 6.8), and 5 mM DTT and equilibrated against 0.5 ml of mother liquor. Crystals grew as thin plates to full size (<0.2 mm 60.1 mm 60.02 mm) in 3 weeks and were directly frozen out of mother liquor into liquid nitrogen. A native data set to 2.40 Å (Table 1 ) was collected at CHESS F2 beamline at Cornel High Energy Synchrotron Source. However, various phasing attempts including SAD/MAD on SeMet labeled crystals and SIRAS/SAD/MAD on K 2 PtCl 4 soaks all failed. Crystals of ROCK (535-709) formed in space group P1 and displayed strong non-origin peaks in its Native Patterson map. The spacing between the peaks (5.2 Å ) indicated that these peaks arose from intra-helical vectors of long coiled-coil structures all aligned in one direction. Therefore efforts were directed in finding an alternate space group.
Crystallization, Data collection, and Processing
Classics Lite kit condition #16 [0.2 M NaCl/100 mM Na acetate, pH 4.6/15% (v/v) MPD] gave initial hit for ROCK (535-700) and the crystal was found to be in space group P4 3 2 1 2. SeMet ROCK (535-700) protein was crystallized in condition consisting of 13% MPD, 100 mM NaCl, 100 mM sodium acetate (pH 4.9), 10 mM DTT, 5% glycerol and 10 mM spermidine. Crystals grew as tetragonal rods to full size (<0.5 mm 60.1 mm 60.1 mm) in 10 days and were directly frozen out of mother liquor into liquid nitrogen. A highly redundant SAD data set was collected at the peak wavelength at the NE-CAT 24ID-C beamline at Argonne National Laboratory. Integration, scaling, and merging of the diffraction data were performed with HKL2000 [43] . The diffraction pattern generated by ROCK (535-700) SeMet crystals exhibited anisotropy, which had strong diffraction to d min = 2.3 Å along c*, but only weakly to 2.9 Å along a* and b*. Therefore a custom FORTRAN program was used to filter the data in an ellipsoid along h max = 29, k max = 29, and l max = 162 by the formula (h 2 /h max 2 + k 2 /k max 2 + l 2 /l max 2 ) #1. Data filtering was done on HKL2000. X files, which were integrated in a 2.3 Å sphere. A summary of the data collection statistics is given in Table 1 and 2. For comparison, data collection statistics without ellipsoidal filtering is given in Table 3 .
Structure Determination
The substructure determination, phasing, density modification and initial automatic model building were all performed by using the AutoSol Wizard of Phenix [44] . Twelve selenium were initially identified (arising from 12 selenomethionine residues) and the Phaser SAD phasing module [45] of Phenix AutoSol extended it to 36 sites (the additional sites arise from alternate SeMet side chain conformations). Because of the anisotropy, electron density maps calculated by Phaser were automatically sharpened. Density modification and automatic tracing in the Resolve module [46, 47] of Phenix AutoSol produced a starting model that assigned 52% of the side chains and 84% of total residues. The structure was completed by iterative model building in Coot [48] and refinement in CNS [49] consisting of torsion angle molecular dynamics simulated annealing, and individual restrained thermal factor refinement. A final round of refinement was performed using Phenix incorporating TLS parameters that defined each ROCK chain as a pseudo-rigid body. The final model consists of four chains A, B, C and D with residues 542-693, 541-692, 535-692, and 535-693 respectively, and 27 water molecules. NCS restraints were not used during refinement. Model statistics are shown in Table 1 
Structure Analysis
Using the program TWISTER [36] , the center of each a-helix, O n at residue n was calculated by five surrounding C a atoms from n -2 to n + 2. The coiled-coil axis is defined as the geometric average of the O n positions. Helical distance (HD) is the distance between two a-helical centers at residue n. The program SOCKET [29] was used to define the beginning and end of coiled-coil motif.
Multi-Angle Light Scattering Analysis
Purified ROCK (535-704) was separated on a Superdex 200 column (GE Healthcare) pre-equilibrated with 20 mM Hepes pH 7.5, 150 mM NaCl, 2 mM TCEP, and connected to a Wyatt miniDAWN TREOS three-angle light scattering detector and Optilab-rEX refractive index detector.
